Antigens (Ags) exposed on the surface of Plasmodium falciparum-infected red blood cells (IRBC) represent a first line of accessible targets for protective antibodies (Abs) involved in opsonization and immune phagocytosis of parasitized erythrocytes (7, 10, 13, 14) . The large diversity of IRBC surface Ags complicates the assessment of immune responses to these Ags in humans living in areas of endemicity and the delineation of their potential role in controlling parasite density in vivo. The use of a flow cytometric technique allows accurate measures of immunoglobulin G (IgG) binding on live IRBC by handling ex vivo fresh parasites from selected patients or P. falciparum reference strains maintained in continuous culture (16) . We focused attention on the use of a reference strain for the analysis of conserved cross-recognized Ags expressed on the IRBC surface. An initial investigation showed substantial levels of IgG binding to IRBC in immune individuals with the P. falciparum reference strain Palo Alto (alias FCR3) (8) . However, such investigation generally requires the concentration of IRBC with mature forms of the parasite (schizonts) either by means of flotation on plasmagel or by magnet-activated cell sorting (28) . Routine conditions of in vitro culture for the FCR3 strain of P. falciparum leads to 5 to 10% IRBC, which is a limiting factor for simultaneously testing a large number of plasma samples with the same cultured IRBC batch. In the present work, we aimed at further evaluating the validity of the in vivo IRBC binding properties of IgG from a substantial number of samples of immune individuals living in areas of endemic transmission, without the constraint imposed by concentration of the parasite strain. We tested for possible correlates with immunoepidemiological criteria, e.g., (i) the level of transmission intensity, by comparing individuals from two different locations (Dielmo and Ndiop) (32) , (ii) the individual phenotype of hemoglobin (hemoglobin AA [HbAA] versus hemoglobin AS [HbAS]), and (iii) the content in Abs to 3 particular conserved IRBC-associated Ags.
Two Ags, PfEB200 and R23, protected Saimiri monkeys from a lethal experimental infection with the Palo Alto strain and elicited Abs mediating immune phagocytosis of IRBC in vitro (23, 24, 26) . A third Ag derived from P. falciparum erythrocyte membrane 3 (PfEMP3-cl5) was identified as a target of variant-specific immune response in the Saimiri monkey (17) and induced protection in vaccinated monkeys (C. Le Scanf and O. Mercereau-Puijalon, unpublished data). Previous studies showed that these Ags were consistently recognized by naturally acquired Abs in humans exposed to P. falciparum and that their levels fluctuated depending on the period of observation, i.e., before or after the peak of parasite transmission during the rainy season (25) .
We thus aimed at closely examining the relationships between the Ab responses to these conserved P. falciparum target Ags measured by enzyme-linked immunosorbent assay (ELISA) and the level of IgG binding to strain FCR3 containing the tested IRBC-associated Ags.
MATERIALS AND METHODS
Study sites and subjects. Blood samples were collected by venipuncture after informed consent was obtained from individuals living in Dielmo and Ndiop, two neighboring villages located in southern Senegal, which had already been monitored for over 10 years. This longitudinal study was approved by an ad hoc ethical committee; the consent of villagers was renewed yearly (32, 33) . Samples from 81 individuals from each village were included: the mean ages of the cohorts were 21.5 years (range, 3.1 to 63 years) and 22.3 years (range, 3.3 to 64 years) in Dielmo and Ndiop, respectively. There were no significant differences in the age distribution in individuals from Ndiop and Dielmo: 40 versus 36 children who were Յ15 years old and 41 versus 45 older individuals were enrolled in the study in Ndiop and Dielmo, respectively. Sampling was done from 24 November to 8 December 1998 simultaneously in the two villages, just after the end of the rainy season. In Dielmo (an area of holoendemic transmission), the entomological inoculation rate was estimated at 35.6 infective bites in November, with an individual cumulative risk of exposure of Ͼ100 infective bites from September to November. In Ndiop (an area of mesoendemic transmission), no transmission was recorded since the end of October and the cumulative entomological inoculation rate was estimated at 5.3 infective bites per individual from August to October.
Flow cytometry technique for the detection of IgG binding to live IRBC. To test for the recognition of live IRBC by individual plasma, we used a double staining cytofluorimetric technique as described previously (8, 16) . A knobpositive (K ϩ ) Uganda Palo Alto FUP strain of P. falciparum (alias FCR3) maintained in culture was used as a source of IRBC. K ϩ schizonts were continuously selected after plasmagel flotation and used when parasitemia was over 5%. Membrane-bound IgG were revealed by means of a first incubation of 30 min at 37°C with plasma diluted 1/20, which was followed by an additional 30-min incubation at 37°C with phycoerythrin-conjugated goat anti-human IgG (1/200; Cappel Organon Teknica, West Chester, Pa.). Live parasites were then labeled for 30 min at 37°C in the dark with thiazole orange (TO) (Retic-Count; BectonDickinson, San Jose, CA). Fluorescence was read within 1 h on a cytofluorimeter (FACScan, CELLQuest software; Becton-Dickinson). After gating on the TOpositive IRBC, 5,000 events for the overall IRBC (FL1 Ն 10 1 ) were counted. At the end of the first set of plasma analysis, gating of IRBC was changed to select the more mature forms of parasites with subsequent nuclear material (FL1 Ն 10 2 ), and 2,000 events were counted. In all cases, phycoerythrin-labeled membrane-bound IgG was measured in the FL2 channel. A pool of 30 plasma samples from naturally immune villagers resistant to malaria was referred to as the positive control (HIS), and pools of plasma obtained from non-P. falciparum exposed European and Senegalese (Dakar inhabitants) individuals was referred to as the negative control. For the quantification of labeled IRBC, a labeling index (LI) ratio (LIR) was defined as the LI of the sample/LI of the control; the LI was calculated as the percentage of parasites with bound IgG (FL1 Ն 10 1 ; FL1 Ն 10 2 ) multiplied by the geometric mean intensity of the peak. This calculation was made to allow interassay comparison.
Ags. Two crude antigenic preparations were used. They consisted of (i) a lysate of in vitro-matured schizont-enriched P. falciparum IRBC (22) and (ii) erythrocyte membranes from IRBC. Parasitized ghosts (IRBC) and control ghosts (red blood cells) were prepared according to the method of Fairbanks et al. (11) . The total protein concentration in the parasite preparations was estimated by the Bio-Rad assay. All Ags were kept frozen at Ϫ80°C in working aliquots.
Two purified recombinant proteins fused to Schistosoma japonicum glutathione S-transferase (GST) in the pGEXA vector were used. R23 contains 11 copies of a 6-amino-acid repeat derived from the central domain of Ag R45, whose consensus sequence is HKSDS N/S/H (4). PfEB200 contains 13 repeats with characteristic Glu-Glu dimers; it derives from Pf332, a conserved giant protein accessible on the IRBC surface in late schizonts (19) . PfEMP3-cl5 is the recombinant product expressing the 1,450-bp EcoRI fragment recovered from clone 5, isolated from the FUP/SP Palo Alto (alias FCR3) genomic expression library. It expresses the C-proximal region of PfEMP3. PfEMP3-cl5 was identified as a target of variant immune response, and expression level of PfEMP3 was shown to be modulated during antigenic variation, with some variants expressing high levels while others expressed reduced amounts of protein (17, 18) . The control protein was the GST carrier.
ELISA procedure. As already described (22, 25) , crude Ag preparation extracts were coated on MaxiSorp plates (Nunc, Roskilde, Denmark) at a concentration of 10 to 15 g ml Ϫ1 , recombinant proteins (1 g ml Ϫ1 ) were coated on Immulon-4 plates (Dynatech, Springfield, Va.) and left overnight at 4°C. Reagents were from Sigma Chemicals (St. Louis, Mo.) unless stated otherwise. After three washings in phosphate-buffered saline (PBS) plus 0.5% Tween 20 and blocking with PBS-5% bovine serum albumin for 1 h at 37°C, plasma samples (diluted 1/200 in PBS-1% bovine serum albumin-0.5% Tween 20) were added and incubated for 2 h at 37°C. After three washings, peroxidase-conjugated polyclonal goat anti-human IgG [IgG(␥) chain specific] diluted 1:10,000 in the same buffer (Cappel Organon Teknika) was added for 2 h at 37°C. Following incubation and five washings, 100 l of citrate buffer (pH 4) containing 0.16 mg of orthotoluidine ml Ϫ1 and 10% H 2 O 2 was distributed in each well. The reaction was stopped with 4 N H 2 SO 4 , and the optical density (OD) was read with a Titertek Multiscan plate reader (Flow Laboratories, Ayshire, Scotland).
Negative controls (a pool of nonimmune European sera and a pool of naive African sera) and a positive control (a pool of sera from clinically immune adults living in Dielmo and Ndiop) were included with every assay. Results were expressed as the OD ratio (OD of the sample/OD of the negative control). The OD signals of the samples were individually corrected for the GST or red blood cell signal. In this study, responses were considered positive for individuals with an OD ratio of Ͼ3, which corresponds approximately to the signal of naive controls ϩ3 standard deviations (after the rainy season, background signals are substantially higher than before the period of high transmission).
Statistical analysis. Comparisons of Ab levels and/or LIRs in different assays or groups were done by means of the Wilcoxon signed-rank test and the Spearman rank correlation test for nonnormally distributed paired data. The MannWhitney test was used to compare unpaired data. P values of Ͻ0.05 were considered significant.
Statistical analyses were performed with Statview, version 5.0, software (SAS Institute, Cary, N.J.).
RESULTS
Incidence and characteristics of Ab responses measured by ELISA. Levels of Ab responses of the 162 plasma samples against the different Ags tested are shown in Table 1 . They are expressed as mean OD ratios Ϯ standard deviation and the percentages of responders, i.e., proportions of individuals with an OD ratio of Ͼ3. Substantial levels of Ab responses to total P. falciparum Ags (schizont and IRBC) were evidenced. We found significantly higher Ab responses in Ndiop villagers than in Dielmo villagers (P Ͻ 0.05).
A proportion of 17 to 73% of samples from the villagers recognized the recombinant Ags under scope. The profile of This set of data underlines the strong confounding effect of the age-associated cumulative exposure in the analysis of Ab responses against the complex pattern of P. falciparum Ags in naturally immune populations. Importantly, when comparing Ab responses with respect to the different hemoglobin phenotypes, i.e., HbAS versus HbAA (n ϭ 12 in Dielmo; n ϭ 20 in Ndiop), only the R23 responders from the Ndiop cohort showed a significantly different level of IgG responses (AS Ͼ AA, P Ͻ 0.01).
Recognition of live parasites as a function of location and hemoglobin phenotype. The degree of IRBC recognition was highly variable: some individuals displayed a Ͼ3 times higher IgG binding capacity to IRBC than the positive control (Fig.  1 ). We measured a substantial degree of IgG binding to IRBC. The mean LIR was 5.2 Ϯ 5.2 (49% of individuals with an LIR of Ͼ3) in Ndiop and 2.8 Ϯ 1.6 (25% of individuals with an LIR of Ͼ3) in Dielmo, and the difference between the two measures was significant (P ϭ 0.004).
Importantly, no correlation was found between age of individuals and the indices of IRBC IgG binding. As illustrated in Fig. 2 , the repartition of LIR plotted in an age-increasing order was highly variable within the two villages.
By contrast, after gating on mature parasites (FL1 Ն 10 2 ), mean LIRs were significantly lower in Ndiop than in Dielmo: 2.1 Ϯ 2.5 versus 2.9 Ϯ 2.5 (P Ͻ 0.01). However, for all villagers, there was a significant relationship between the individual capacities to recognize IRBC (FL1 Ͼ 10 1 ) and their mature forms (FL1 Ͼ 10 2 ) (P Ͻ 0.001; rho ϭ 0.5). Importantly, individuals with the HbAS phenotype showed significantly higher recognition ratios than those with the HbAA phenotype for the overall cohort of 162 individuals (P ϭ 0.006). This was true when LIRs were calculated with parasites gated for FL1 of Ͼ10 2 . When examining the results by village, this observation was still valid in Ndiop (n ϭ 20; P ϭ 0.02) but not in Dielmo (Fig. 3) , possibly as a consequence of the limited number of individuals with HbAS presently recruited in Dielmo (n ϭ 12).
Relation between LIRs and Ab responses. The results of the analysis of correlation between the IgG binding indices to IRBC and the Ab responses to the Ags studied are summarized in Table 2 . There was no significant correlation between the IgG binding indices to IRBC and the Ab responses to the Ag studied for Ndiop villagers, except for R23 responders and LIRs from mature forms of the parasite. In Dielmo, significant relationships were found between the LIR and the IgG response to R23 and between the LIR (FL1 Ͼ 10 1 ) and the IgG response to IRBC.
We further examined the relationship between IgG responses with the IRBC-associated Ags by using dual-level stratified IgG responses to the different Ags, i.e., responders (OD ratio of Ͼ3) versus low responders (OD ratio of Յ3) for the IRBC, PfEMP3-cl5, PfEB200, and R23 Ags. We found a significantly increased capacity to recognize IRBC gated on mature forms of the live parasite (Ͼ10 2 in the FL1 channel) for individuals from Dielmo with high IgG levels against R23 (P ϭ 0.045). No such correlate was evidenced in either village with IgG responses to IRBC measured by ELISA. rescence flow cytometric technique. We deliberately chose a reference strain of P. falciparum adapted to in vitro culture to investigate possible measurement of levels of IgG binding to nonpolymorphic IRBC-related Ags. The plasma content in Abs to particular conserved Ags associated with the surface of IRBC (14, 16) , previously shown to protect monkeys by either eliciting strong opsonizing Ab responses (24) or inducing a certain degree of protection (23), was taken into account in this investigation. Several studies have focused on major IRBC surface-associated Ags such as PfEMP1 (5, 6, 12, 27, 29) by using, for example, an agglutination technique of ex vivo isolates, a method leading to comparable results with flow cytometry (27) . Bull et al. demonstrated that severe malaria resulted from a substantial limitation of the Ab repertoire to variant Ags (6). In addition, recent studies showed a positive age-related IgG response to the parasite-borne variant surface Ag in healthy residents before the transmission season and a negative correlation with age in malaria patients (6, 12, 21) . These data addressed the issue of partial protective immunity attributable to anti-variant surface Ag Abs. A contribution of IgG responses for clearance of parasites in humans is additionally related to particular cryptic and/or weakly immunogenic conserved IRBC-associated epitopes. Such a hypothesis is sustained by the highly efficient parasite clearance repeatedly observed in passive transfer experiments of IgG from distinct geographic settings in humans (9, 20) . Similar effects were indeed demonstrated in the Saimiri model with serum from individuals living in areas of P. falciparum endemicity (15) , as human IgG could bind to infected Saimiri red blood cells (13) , suggesting that the parasite Ags exposed on the surface of the monkey red blood cells are naturally immunogenic in humans.
DISCUSSION
The capacity of IgG binding to live parasites (FL1 Ͼ 10 1 ) was unexpectedly higher in Ndiop than in Dielmo, but mature forms (FL1 Ͼ 10 2 ) were significantly better recognized in Dielmo than in Ndiop, a result in line with the recent cumu- (1); however, it is not sustained by a well-defined functional mechanism. Our findings are in line with an additional increased immune phagocytosis of the hemoglobin Scontaining IRBC. Indeed, IgG binding to IRBC implies efficient phagocytosis in the presence of the relevant IgG subclass, i.e., the cytophilic IgG1 and IgG3 (2) and IgG2 in some individuals bearing a particular allele of the Fc␥ RII receptor (3), despite some potential competition between the different IgG subclasses (13) . Such functional capacity has to be further verified in this cohort, particularly for individuals exhibiting a high degree of IgG binding to the FCR3 strain as shown on Fig. 1 . Further investigations are required to substantiate this technique for the screening of subunit Ags associated with the IRBC surface (14) .
Indeed, the FCR3 strain used here has a limited relationship with natural parasites infecting the villagers of Ndiop and Dielmo. However, the adaptation of ex vivo parasites to continuous culture (when feasible) and plasmagel flotation concentration of K ϩ strains depict artificial in vitro procedures that result in the selection of a panel of particular clones substantially different from the original in vivo circulating clones. In this line, the FCR3 strain can be considered a reference strain, although it may probably underestimate the actual individual IgG binding capacity.
Using this flow cytometry technique, it is possible to monitor certain anti-P. falciparum function-associated parameters of IgG responses and to determine particular surrogate markers of IgG binding to IRBC before and after future vaccination trials. To circumvent the limited Ag repertoire expressed in vitro by the FCR3 strain of P. falciparum, further analysis with local strains of parasites must be conducted to demonstrate the function-associated characteristics of Ags associated with the IRBC membrane and to contribute to the screening and development of a multitarget vaccine.
